In C 4 plants, bundle sheath (BS) chloroplasts are arranged in the centripetal position or in the centrifugal position, although mesophyll (M) chloroplasts are evenly distributed along cell membranes. To examine the molecular mechanism for the intracellular disposition of these chloroplasts, we observed the distribution of actin filaments in BS and M cells of the C 4 plants finger millet ( Eleusine coracana ) and maize ( Zea mays ) using immunofluorescence. Fine actin filaments encircled chloroplasts in both cell types, and an actin network was observed adjacent to plasma membranes. The intracellular disposition of both chloroplasts in finger millet was disrupted by centrifugal force but recovered within 2 h in the dark. Actin fi laments remained associated with chloroplasts during recovery. We also examined the effects of inhibitors on the rearrangement of chloroplasts. Inhibitors of actin polymerization, myosin-based activities and cytosolic protein synthesis blocked migration of chloroplasts. In contrast, a microtubule-depolymerizing drug had no effect. These results show that C 4 plants possess a mechanism for keeping chloroplasts in the home position which is dependent on the actomyosin system and cytosolic protein synthesis but not tubulin or light.
Introduction
In C 4 plants, mesophyll (M) chloroplasts carry out the light reactions of photosynthesis, while bundle sheath (BS) chloroplasts are the sites of carbon re-fi xation and the Calvin cycle ( Hatch 1999 , Kanai and Edwards 1999 ) . Although M chloroplasts of all C 4 species are randomly distributed in the cells, BS chloroplasts are generally located in a specifi c position, either centripetal (close to the vascular tissue, as in fi nger millet) or centrifugal (close to M cells, as in maize). In Poaceae, BS chloroplasts of NADP-malic enzyme-and phospho enol pyruvate carboxykinase-type C 4 species are located in the centripetal position, while BS cells of NAD-malic enzyme-type C 4 species may have centripetal or centrifugal chloroplasts.
The intracellular orientation of BS chloroplasts is thought to have physiological signifi cance. The centrifugal arrangement of BS chloroplasts in C 4 species was proposed to be correlated with the occurrence of a suberized lamella in BS cell walls Browning 1981 , Ohsugi et al. 1988 ) , although there are some exceptional cases ( Prendergast et al. 1987 , Eastman et al. 1988 . The centrifugal position of BS chloroplasts is advantageous for metabolite exchange between M and BS cells, although CO 2 decarboxylated in BS cells leaks easily into M cells. The suberized lamella, which is impermeable to CO 2 and water, is thought to have developed in BS cell walls to prevent CO 2 leakage. In contrast, C 4 species without suberized lamella have centripetally arranged chloroplasts and mitochondria in BS cells. It is proposed that this intracellular orientation maximizes the length of the CO 2 diffusion pathway between BS and M cells, and minimizes CO 2 leakage ( Hattersley and Browning 1981 ) . This hypothesis is fascinating, but a study of leaf anatomy and carbon discrimination in hybrids between C 4 Panicum species argues that the intracellular disposition of BS chloroplasts and the presence of suberized lamellae are not obligatorily linked in their expression, and suberized lamellae may instead play an important role in discrimination against 13 C ( Ohsugi et al. 1997 ) .
A prior study of the intracellular arrangement of organelles in BS cells was conducted with fi nger millet, an NADmalic enzyme-type C 4 plant. The centripetal disposition of fi nger millet BS chloroplasts is acquired during cell maturation in leaf blades ( Miyake and Yamamoto 1987 ) . Young chloroplasts are evenly distributed along the cell walls of BS cells in the immature regions of elongating leaves. During cell maturation, the chloroplasts migrate toward the vascular bundle and establish a centripetal disposition. The establishment of their arrangement seems to be related to the stage of tissue development, and requires microfi laments and de novo protein synthesis, but not microtubules or light ( Miyake and Nakamura 1993 ) . Other organelles such as mitochondria, microbodies and the nucleus also migrate with chloroplasts ( Miyake and Yamamoto 1987 ) . These fi ndings afford a clue to the individual factors participating in chloroplast positioning, but the molecular mechanism is still largely unknown.
In a variety of plant species from green algae to seed plants, chloroplasts change their intracellular positions to optimize photosynthetic activity in response to light irradiation ( Takagi 2003 , Wada et al. 2003 , Sato and Kadota 2007 . The motility and positioning of chloroplasts appear to be mediated by actin fi laments and/or microtubules in several green algae and higher plants, as cytoskeletal inhibitors block the light-dependent movement of chloroplasts ( Wada et al. 2003 ) . Confi guration changes of actin fi laments dynamically occurring during light-dependent redistribution of chloroplasts were observed in some plants ( Takagi 2003 ) . Under low-intensity irradiation, chloroplasts accumulating in the cytoplasmic layer facing the outer periclinal wall in epidermal cells of Vallisneria gigantea are associated with actin bundles in a honeycomb array ( Dong et al. 1998 ) . Under high-intensity blue light irradiation, fi ne actin bundles found on the anticlinal layer side of cells anchor the chloroplasts that migrated from the outer periclinal wall side ( Sakai and Takagi 2005 ) . These chloroplasts become considerably resistant to centrifugal force, and this was interpreted as showing that the chloroplasts are anchored strongly with actin fi laments ( Sakai and Takagi 2005 ) . Anchorage of chloroplasts is sensitive to treatment with an inhibitor of actin polymerization. These fi ndings suggest that actin fi laments not only provide tracks for chloroplast movement but also anchor the chloroplasts after photo-orientation ( Takagi 2003 ) . Anchorage of chloroplasts is also regulated by feedback via the photosynthetic reaction ( Dong et al. 1998 , Takagi 2003 .
The mechanism for chloroplast movement has been extensively studied on chloroplasts of C 3 plants but not C 4 plants. Therefore, the above-mentioned reports encouraged us to compare the molecular mechanisms of intracellular positioning of BS and M chloroplasts in C 4 plants with the mechanisms of motility and positioning of C 3 chloroplasts in response to light irradiation. In the present study, we investigated the intracellular distribution of actin fi laments in BS and M cells of C 4 plants, and factors affecting the rearrangement of both chloroplasts after disturbance by centrifugal force. We demonstrated that actin fi laments encircle M and BS chloroplasts and seem to be involved in their positioning and anchorage. Moreover, we showed that the actomyosin system and cytosolic protein synthesis are necessary for rearrangement of both chloroplasts. Based on these fi ndings, we compared the intracellular disposition of C 4 chloroplasts with the photorelocation movement of C 3 chloroplasts. Some cellular components for chloroplast positioning are common among C 4 and C 3 chloroplasts, while C 4 photosynthetic cells possess an unusual mechanism for maintaing the polarized distribution of chloroplasts irrespective of environmental changes.
Results

Detection of actin fi laments in transverse sections of leaf blades
BS cells of fi nger millet contain large, centripetally arranged chloroplasts, whereas M cells contain randomly distributed chloroplasts (Supplementary Fig. S1 ). To investigate the distribution of actin fi laments in relation to chloroplasts, we examined immunolabeled leaf blade cells (see Materials and Methods) using confocal laser scanning microscopy ( Fig. 1 ). Prominent and thick actin fi laments encircled the centripetally arranged BS chloroplasts, which were spatulate in shape ( Fig. 1A ) . Actin fi laments seemed to adhere to the surface of chloroplasts ( Fig. 1B-D ) . A network of actin fi laments was also detected in extrachloroplastic areas of BS cells. Moreover, the actin microfi laments were visualized around chloroplasts that were dispersed in the peripheral cytosol of M cells ( Fig. 1B ) . A similar distribution of actin fi laments was also detected in maize leaf tissues (Supplementary Fig. S2 ). Because association of actin fi laments with the relatively larger and centripetally arranged chloroplasts in BS cells of fi nger millet was easier to monitor than those of maize, we mainly used fi nger millet for the following analyses.
Detection of actin fi laments in longitudinal sections of leaf blades
BS cells are generally elongate in the direction of the vascular axis and tightly associated with the vascular strands. We observed actin fi laments in longitudinal sections of fi nger millet leaf blades to examine the interaction of actin fi laments with chloroplasts and plasma membranes more clearly ( Fig. 2 ) . Large chloroplasts in BS cells were compactly arranged close to the vascular bundle (arrows in Fig. 2A ). Actin fi laments encircled these BS chloroplasts, forming a basket-like structure as in Arabidopsis leaf cells ( Kandasamy and Meagher 1999 ) ( Fig. 2B-D ) . Generally, actin fi laments were excluded from the center of the cells due to the central vacuoles ( Fig. 2B ), while the actin network adjacent to plasma membranes extended in every direction ( Figs. 2C, D ,  Supplementary Fig. S3 ). Actin fi laments also encircled M chloroplasts and made networks adjacent to plasma membranes ( Fig. 2E ). This actin network that is distributed around chloroplasts and adjacent to plasma membranes was also observed in the developing leaf cells (Supplementary Fig. S4 ).
Recovery of the centripetal disposition of chloroplasts after centrifugation
To investigate the mechanism of chloroplast positioning, leaf segments of fi nger millet were subjected to centrifugal force in the adaxial to abaxial direction (see Materials and Methods) . This treatment moved chloroplasts to the abaxial side ( Fig. 3A, B ) . When the centrifuged leaf segments were fl oated on water in the dark, the disturbed BS chloroplasts began to migrate toward the vascular bundle, and most of the BS chloroplasts returned to the centripetal position within 1 or 2 h ( Fig. 3C-E ) . The centripetal positioning of BS chloroplasts was maintained after 24 h ( Fig. 3F-I ). M chloroplasts also returned to random positions along the plasma membranes in the same time period as BS chloroplasts. However, it seemed to take a slightly longer time to recover the original uniform distribution of M chloroplasts compared with the centripetal disposition of BS chloroplasts. Prolonged incubation of leaf segments (>12 h) caused centripetal accumulation of M chloroplasts probably by some sort of stress ( Fig. 3H, I ).
We investigated the distribution of actin fi laments during the recovery of the centripetal disposition of BS chloroplasts ( Fig. 4 ) . Prominent actin fi laments were observed at the surface of BS chloroplasts that had moved toward the abaxial side of cells ( Fig. 4A, B ) . The actin network adjacent to plasma membranes was also observed. These fi ndings indicate that the intracellular structure of actin fi laments was not destroyed completely by centrifugation. Actin fi laments were also seen surrounding BS chloroplasts, migrating to their original positions and recovering their centripetal arrangement completely ( Fig. 4C-G ) . A similar interaction of actin fi laments with migrating M chloroplasts was also detected ( Fig. 4C-G ) . 
Effects of inhibitors on the centripetal rearrangement of BS chloroplasts
To quantify the extent of recovery from disruption of the centripetal arrangement of BS chloroplasts by the centrifugation, we introduced an index of the centripetal disposition of BS chloroplasts ( Fig. 5 ). This index partially indicates the extent of accumulation of BS chloroplasts around the vascular bundle. In general, the index values were calculated to be 70-80% in normal leaf blades before the centrifugal treatment and 40-50% in those just after the centrifugation. We investigated the effects of several inhibitors on the rearrangement of BS chloroplasts. Colchicine is a potent inhibitor of tubulin polymerization. Small leaf segments of fi nger millet were briefl y deaerated in distilled water with or without 1 mM colchicine and fl oated on the medium for 2 h. After that, the segments were provided with centrifugal force from the adaxial to the abaxial side and fl oated on the same medium again. The leaf segments were fi xed at different time points, and transverse sections of the leaves were observed with light microscopy ( Fig. 6A ). BS chloroplasts that were displaced toward the abaxial side completely recovered their centripetal disposition regardless of the presence of colchicine. The recovery speed was similar with and without colchicine ( Fig. 6B ). Although quantitative analysis was not conducted on M chloroplast migration, similar recovery was observed, regardless of the presence of colchicine. A higher concentration of colchicine (5 mM) also showed no inhibitory effect on the rearrangement of BS and M chloroplasts (data not shown).
In contrast, cytochalasin B, an inhibitor of actin polymerization, showed a prominent inhibitory effect on the recovery of the BS chloroplast position ( Fig. 7 ) . Most of the BS chloroplasts that were moved to the M cell side by centrifugal force could not return to the original centripetal position 2 h after the centrifugal treatment. Similarly, M chloroplasts could not return to the original uniform position. Another potent inhibitor of actin polymerization, latrunculin B, also inhibited the recovery of the BS chloroplast position ( Fig. 8A ). 2,3-Butanedione monoxime (BDM) is a general inhibitor of myosin ATPases of eukaryotic cells and retarded the recovery of the BS chloroplast position ( Fig. 8B ) . A specifi c inhibitor of myosin light chain kinase, 1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-7), completely blocked the rearrangement of BS chloroplasts ( Fig. 8C ) . Cycloheximide, an inhibitor of cytoplasmic protein synthesis, is reported to block the centripetal disposition of BS chloroplasts during maturation of fi nger millet leaf cells ( Miyake and Nakamura 1993 ) . This inhibitor also inhibited the centripetal rearrangement of BS chloroplasts ( Fig. 8D ) . The responses of M chloroplasts to these inhibitors were generally similar to those of BS chloroplasts ( Supplementary  Figs. S5-S8) . We confi rmed that the actin network was disrupted by cytochalasin but was maintained after the treatment with colchicine, BDM, ML-7, cycloheximide or dimethylsulfoxide (DMSO) (Supplementary Fig. S9 ). The leaf cells kept their viability even after treatment with the inhibitors (data not shown).
We also investigated whether cytochalasin B affects the maintenance of the normal disposition of M and BS chloroplasts ( Fig. 9 ). It appears that the centripetal arrangement of BS chloroplasts began to be disrupted after centrifugation at 480× g . Further strong centrifugal force caused migration of BS chloroplasts toward the abaxial side. The disruption of the original arrangement of M chloroplasts seemed to need a stronger centrifugal force compared with that of BS chloroplasts, since the apparent migration of M chloroplasts was observed after centrifugation at >1,920× g . We quantifi ed the extent of disruption in the centripetal arrangement of BS chloroplasts, but there was no statistical difference between the presence and absence of cytochalasin B ( Fig. 9B ). Therefore, the susceptibility of chloroplasts to displacement by centrifugation is similar regardless of the cytochalasin B treatment, and it was considered that disruption of actin fi laments does not affect anchorage of M and BS chloroplasts in the normal disposition.
Discussion
Actin fi laments associate with chloroplasts in M and BS cells
In this study, we visualized the intracellular distribution of actin fi laments in M and BS cells of two C 4 plants, fi nger millet and maize, and examined their positional relationship with chloroplasts. Thick actin fi laments were observed around chloroplasts and adjacent to plasma membranes ( Figs. 1 , 2 , Supplementary Fig. S2 ). The intracellular arrangement of the chloroplast is different between M and BS cells, whereas the basic distribution of actin fi laments was essentially the same in both cell types. In immature cells of fi nger millet, young BS chloroplasts are evenly distributed along the cell walls. The centripetal disposition of BS chloroplasts is acquired during cell development (Supplementary Fig. S4 , Miyake and Yamamoto 1987 ) . We observed that actin fi laments in the developing BS cells were distributed around chloroplasts and adjacent to plasma membranes (Supplementary Fig. S4) . Data from the present study combined with those from previous reports ( Miyake and Yamamoto 1987 , Miyake and Nakamura 1993 ) indicate that chloroplasts associate with the actin network early in cell development and that this association is important for intracellular positioning of chloroplasts. In M cells of the C 3 plant Arabidopsis , chloroplasts are either aligned directly along the longitudinally arranged thick actin bundles or apparently attached to the randomly oriented thin actin fi laments that extend from the bundles ( Kandasamy and Meagher 1999 ) . In addition, the chloroplasts are partly or completely surrounded by baskets of actin fi laments. The authors proposed that the baskets of actin fi laments function to anchor and position the chloroplasts. Changes in the confi guration of actin fi laments are observed during photo-orientation of chloroplasts in C 3 plants. In dark-adapted epidermal cells of Vallisneria gigantea , short, thick and rod-like bundles of actin fi laments surround the chloroplasts, which rest in the outer periclinal cytoplasm of the cells ( Sakai and Takagi 2005 ) . After irradiation with high-intensity blue light, aggregation of actin fi laments on the periclinal side into long and thick bundles allows the chloroplasts to migrate to the anticlinal layer side. At the anticlinal side, fi ne actin bundles appear and anchor the migrated chloroplasts. We could not detect such a dynamic confi guration change of actin fi laments in C 4 photosynthetic cells during repositioning of chloroplasts after centrifugation. Further improvement of the technique to enable observation of actin fi laments at high resolution is needed to confi rm the presence or absence of different confi gurations of actin fi laments during acquisition of the intracellular positioning of BS chloroplasts.
The actomyosin system participates in rearrangement of chloroplasts
Our study showed that the intracellular arrangement of BS and M chloroplasts was disrupted by centrifugal force but recovered within 1 or 2 h after centrifugation. Because a live image of a leaf cross-section could not be obtained, we intermittently fi xed, embedded and sectioned the leaf segments after the centrifugal treatment. Moreover, we introduced the index of centripetal positioning of BS chloroplasts to quantify the extent of recovery ( Fig. 5 ) . The reorientation behavior of BS chloroplasts varied between sections, but we These results correspond with those obtained from a study examining factors concerning the centripetal disposition of BS chloroplasts during cell development ( Miyake and Nakamura 1993 ) . Therefore, it is likely that a similar mechanism works to position chloroplasts at the centripetal position in both developing and mature BS cells. Chloroplast photorelocation movement in C 3 plants also requires the actin network ( Takagi 2003 , Wada et al. 2003 , Sato and Kadota 2007 . Recent research using myosin inhibitors including BDM and ML-7 revealed that the myosin inhibitors have no effect on the light avoidance movement of Arabidopsis chloroplasts but block the accumulation movement ( Paves and Truve 2007 ) . Our semi-quantitative measurement of the rearrangement of BS chloroplasts after centrifugation showed that the inhibition of chloroplast movement by BDM was not complete compared with that produced by ML-7 ( Fig. 8 ) . A high concentration of BDM is generally used to inhibit the functions of non-muscle myosin, but there are potential side effects such as disorganization of actin fi lament bundles ( Tominaga et al. 2000 , Forer and Fabian 2005 ) . The concentration of BDM used in our experiment might be somewhat lower, and incomplete inhibition might occur. ML-7 is reported to inhibit chloroplast movement in Arabidopsis leaf cells ( Paves and Truve 2007 ) and cytoplasmic streaming in Tradescantia stamen hair cells and algal cells ( Oertel et al. 2003 ) , although none has been reported for higher plant myosin with the phosphorylation-controlled light chain and the target molecule of ML-7. However, our pharmacological study using myosin inhibitors with different inhibitory actions indicated a possible participation of myosin in the rearrangement of BS chloroplasts. Because the responses of M chloroplasts to the inhibitors were similar to those of BS chloroplasts, a similar mechanism should move both types of chloroplasts to the original positions. The avoidance response of C 3 chloroplasts is triggered by high-intensity light, although the intracellular localization of C 4 chloroplasts occurs even in the dark (this study; Yamamoto 1987 , Taniguchi et al. 2003 ) . Therefore, photoreceptors and perhaps photosynthesis are unlikely to participate in the intracellular disposition of C 4 chloroplasts. Our immunofl uorescence observations showed that the actin network structure adjacent to plasma membranes remained after centrifugation ( Fig. 4 ) . In addition, actin fi laments remained closely associated with the M and BS chloroplasts even when the chloroplasts moved to the abaxial side. The chloroplasts were aggregated during repositioning, suggesting that they were linked by the actin fi laments remaining at their surface. Moreover, other organelles such as mitochondria and nuclei also migrated with chloroplasts (T. Nishimura, unpublished data). It is likely that the actin network remaining after centrifugation and/or newly synthesized actin fi laments serve as rails for moving chloroplasts back to the original centripetal position.
A certain level of centrifugal force was required to disrupt the original disposition of chloroplasts ( Fig. 9 ) . However, excessive centrifugal force impaired the repositioning of BS chloroplasts, probably due to breakdown of actin fi laments (data not shown). It takes 12-16 h to establish the centripetal arrangement of BS chloroplasts in developing cells of emerging fi nger millet leaves ( Miyake and Nakamura 1993 ) . The time required for recovery of the centripetal arrangement after centrifugation was much shorter (1-2 h). Both the migration processes need de novo protein synthesis, but it might take more time to build up a functional actin network in the developing cells. After the centrifugal treatment performed in this study, some of the actin structure remained. Therefore, new synthesis of actin molecules and polymerization of actin fi laments from the remaining actin network could replenish the lost actin structure more efficiently in the case of the rearrangement of chloroplasts.
Interaction of chloroplasts with actin fi laments is necessary for chloroplast positioning ( Takagi 2003 , Wada et al. 2003 . Chloroplasts may make contact directly with myosin motor proteins and migrate on the actin rails. Alternatively, mediators such as CHLOROPLAST UNUSUAL POSITION-ING1 (CHUP1) ( Oikawa et al. 2003 ) may link chloroplasts to actin fi laments. Arabidopsis CHUP1 protein is targeted to the chloroplast envelope membrane and binds to actin. The chup1 mutant shows aberrant aggregation of M chloroplasts on the bottom of the cell and a defective light avoidance response of chloroplasts ( Kasahara et al. 2002 , Oikawa et al. 2003 . We found candidate orthologs of the CHUP1 gene in maize and fi nger millet (H. Kobayshi, unpublished data). BS chloroplasts do not change their intracellular position, while M chloroplasts show a light avoidance movement under extremely high light or environmental stress conditions (M. Yamada, unpublished data). Therefore, it would be interesting to examine whether the CHUP1 ortholog proteins are expressed in C 4 M and BS cells, and function in chloroplast movement and anchorage.
Mechanism for holding BS chloroplasts in the centripetal position
The intracellular disposition of BS chloroplasts in C 4 plants is extremely resistant to environmental stresses, and is preserved even in senescent but turgid leaf cells (data not shown). This suggests that C 4 BS chloroplasts do not initiate movement like C 3 chloroplasts in response to changes in external and internal environments, and that there is a mechanism for stabilizing the intracellular disposition of C 4 BS chloroplasts. It is not clear yet whether C 3 and C 4 BS chloroplasts have a similar anchoring mechanism. The treatment of fi nger millet leaves with an actin polymerization inhibitor, cytochalasin B, disrupted actin fi laments ( Supplementary  Fig. S9 ) but had no effect on the intracellular arrangement of BS and M chloroplasts prior to centrifugation ( Fig. 7 ) and after weak centrifugation ( Fig. 9 ). In contrast, the disruption of actin fi laments by the inhibitor induced aberrant aggregation of chloroplasts in Arabidopsis M and BS cells ( Kandasamy and Meagher 1999 ) . Therefore, it is likely that a factor other than actin participates in stabilizing the centripetal disposition of fi nger millet BS chloroplasts. Reorientation of BS chloroplasts back to the centripetal position seems to occur by migration of the chloroplasts in the tight space between the tonoplast and plasma membrane. We assume that the central vacuole might press chloroplasts in the centripetal direction. Conversely, M cells are thought to possess a mechanism for dispersing chloroplasts.
Acquiring the cell-specifi c mechanism for intracellular disposition of organelles
Structural and functional differentiation of M and BS cells has been well characterized in C 4 plants. Although little attention has been paid to C 3 plants, some distinct features of BS cells and M cells have been described for Arabidopsis ( Kinsman and Pyke 1998 ) : (i) BS cells are smaller than M cells; (ii) BS chloroplasts are smaller and occur at a lower density in the cell; and (iii) BS chloroplasts are positioned on the cell surface distal to the vascular strand. In addition, characterization of the differential development of vascular associated cells1 ( dov1 ) mutant of Arabidopsis revealed that differential chloroplast development occurs between M and BS cells. These fi ndings led us to suspect the existence of a regulatory system for structure and functions unique to BS cells in C 3 plants. It is desirable to examine whether BS chloroplasts in C 3 plants move in response to light in a similar manner to M chloroplasts. In contrast, the morphological difference between the cells is well defi ned in C 4 plants: BS chloroplasts are generally larger than M chloroplasts and are more numerous per cell Nelson 1999 , Yoshimura et al. 2004 ). In addition, NADP-malic enzyme-type C 4 species differ in the absence of well-developed grana in BS chloroplasts. These structural and biochemical differences between M and BS cells have been acquired during the evolution of C 4 plants, and presumably the mechanism for the intracellular disposition of C 4 BS chloroplasts has also evolved during the transition from C 3 to C 4 photosynthesis.
In this study, we found that BS chloroplasts relocate to the centripetal position and M chloroplasts return to an even distribution along the periphery after disruption of intracellular disposition by centrifugal force. This suggests that the neighboring M and BS cells of C 4 plants possess different systems to determine the intracellular positions of organelles. In most C 3 -C 4 intermediate species, with few exceptions, BS organelles are largely arranged in a centripetal position ( Edwards and Ku 1987 ) . The cell-specifi c mechanism for the intracellular disposition of BS organelles may have been acquired at the same time that the ratio of BS cell to M cell and organelle number in BS cells increased during evolution of C 3 -C 4 intermediate species. These anatomical changes of BS cells and a shift in glycine decarboxylase expression from M to BS cells are thought to be related to the reduction in apparent photorespiration ( Monson 1999 , Sage 2004 . Unusual patterns of organelle positioning are also observed in single-cell C 4 plants and water-stressed succulent plants. Three species in the Chenopodiaceae, Bienertia cycloptera , B. sinuspersici and Suaeda aralocaspica , possess dimorphic chloroplasts in a single chlorenchyma cell ( Edwards et al. 2004 ) . Two Bienertia species have peripheral and central chloroplasts in which differential accumulation of photosynthesis-related enzymes occurs. Suaeda aralocaspica has peripherally distributed chloroplasts, while distinct localization of photosynthetic enzymes occurs at distal and proximal regions. In M cells of succulent plants in which crassulacean acid metabolism is induced by water stress, chloroplasts move diurnally, densely clumping at the peripheral region under light, and dispersing during darkness ( Kondo et al. 2004 ). These unusual arrangements of chloroplasts are also thought to be mediated by the cytoskeletal network. A recent study demonstrates that microtubules are critical for the polarized positioning of chloroplasts and other organelles in the Chenopodiaceae species ( Chuong et al. 2006 ) .
There is currently great interest in the intracellular localization of nucleotides, proteins and organelles, and in cell polarity. Our study of the intracellular disposition of C 4 chloroplasts provides insights into the association of chloroplasts, the actomyosin system, the plasma membrane and the cell wall, and the sensing mechanism of intracellular position. 
Materials and Methods
Plant materials and growth conditions
Immunofl uorescent labeling of actin
Immunodetection of actin fi laments was performed basically as described by Collings et al. (2001) . Small leaf segments (5 mm 2 ) were excised from leaf blades and vacuum infi ltrated for 5 min with fi xation buffer [50 mM PIPESNaOH, pH 6.9, 4 mM MgSO 4 , 10 mM EGTA, 0.1% (w/v) Triton X-100, 200 µ M phenylmethylsulfonyl fl uoride, 400 µ M m -maleimidobenzoyl N -hydroxysuccinimide ester (MBS; Pierce Biotechnology, Rockford, IL, USA), 5% (w/v) paraformaldehyde and 1% (w/v) glutaraldehyde]. After incubation at 4°C overnight, the fi xed segments were embedded in 5% (w/v) agar and sectioned at 70-80 µ m with a micro-slicer (DTK-3000W, Dosaka EM, Kyoto, Japan). The sections were soaked in phosphate-buffered saline (PBS: 20 mM Na-Pi, pH7.0 and 150 mM NaCl) containing 0.25% (w/v) Triton X-100 for 20 min, washed with PBS three times, and then incubated in blocking buffer [5% (w/v) bovine serum albumin (BSA), 0.05% (v/v) Tween-20 and PBS] for 30 min. After washing with PBS three times, the sections were incubated overnight at 4°C with polyclonal anti-maize actin serum ( Gibbon et al. 1999 ) diluted 1 : 200 in incubation buffer [1% (w/v) BSA, 0.05% (v/v) Tween-20 and PBS]. The sections were washed with PBS for several hours and incubated at room temperature for 1 h with fl uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Wako Pure Chemical Industries, Osaka, Japan) diluted 1 : 200 in the incubation buffer. After rinsing again with PBS, the sections were mounted on microscope slides in PBS containing 0.1% (w/v) p -phenylenediamine (Wako Pure Chemical Industries).
Confocal microscopy
The sections were imaged with a confocal laser scanning microscope (LSM5 PASCAL, Carl Zeiss, Germany). FITC was excited with the 488 nm line of an ArKr laser and the images were collected using a BP505-530 bandpass fi lter. Autofl uorescence of chloroplasts was excited with the 543 nm line of a HeNe laser and imaged using an LP560 longpass fi lter. Serial confocal optical images at 0.36 µ m intervals were collected, and projections with 20-40 µ m thicknesses were created with LSM Image Browser software.
Centrifugal treatment of leaf segments
Small segments (5 mm 2 ) from leaf blades of fi nger millet were placed adaxial side up on absorbent cotton packed in 1.5 ml microcentrifuge tubes. The tubes were placed in the swing rotor of a microcentrifuge (TMS-4 rotor, MRX-151, TOMY, Tokyo, Japan) and centrifuged (12,000× g ) at 20°C for 5 min. Immediately after the centrifugation, the segments were fl oated on distilled water in the dark. After incubation, the leaf segments were fi xed, embedded, and sectioned as described above. Transverse sections were observed with a light microscope (OPTIPHOT-2, Nikon, Tokyo, Japan) equipped with a CCD camera (DP12, Olympus, Tokyo, Japan) or another system (light microscope, Olympus BX51; CCD camera, Olympus DP70). To calculate the index of the centripetal position of BS chloroplasts, areas on the digital images were quantitated with Adobe Photoshop and Win-ROOF software.
For the inhibitor experiments, inhibitor solution was infi ltrated into the leaf segments by degassing for 10 min. Cytochalasin B (MP Biomedicals, Irvine, CA, USA), latrunculin B (Wako Pure Chemical Industries), BDM (Sigma), ML-7 (BIOMOL International, Plymouth Meeting, PA, USA) and cycloheximide (Wako Pure Chemical Industries) were dissolved in DMSO, and positive control experiments were conducted with DMSO solutions. After fl oating the leaf segments on the inhibitor solutions for 2 h, the centrifugal treatment was conducted. The leaf segments were subsequently fl oated on the same solutions and fi xed, embedded, and sectioned as above.
Supplementary data
Supplementary data are available at PCP online.
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